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Angelicin and 5 -methylangelicin formed photoadducts 
in DNA after illumination with 360-nm radiation that 
were excised rapidly from normal cells; 80-90% of the 
initial angelicin adducts and 65% of the initial 5-meth-
ylangelicin adducts were excised within 24 h. Xero-
derma pigmentosum group A cells excised about 20% of 
the angelicin adducts, group D cells excised 55-60%, 
and groupE, 80%. This extent of excision resembles that 
reported for pyrimidine dimers in these complementa-
tion groups, except for group D. Repair of psoralen 
adducts may not, therefore, be identical in every respect 
to repair of pyrimidine dimers. Group D cells seem 
exceptionally able to repair angelicin adducts in com-
parison to their repair of pyrimidine dimers, suggesting 
that these cells lack a gene product that is required to a 
greater extent for the repair of pyrimidine dimers than 
for the repair of angelicin adducts. 
The psoralens are important chemicals in the management 
of psoriasis by phototherapy, and appear to exert their biologic 
effects in skin by their ability to form adducts to DNA pyrimi-
dines after illumination with long-wavelength ultraviolet (UV) 
radiation ( - 360 nm) [1- 5] . There is a large family of psoralens 
with different orientations of their ring structures and side 
chains, and they have a correspondingly large range of binding 
affinity for DNA [6,7] . Many of the psoralens intercalate in 
DNA, and the highly reactive trimethylpsoralen binds prefer-
entially to the linker regions of DNA between nucleo-
somes [8] . 
The damage to DNA caused by psoralens plus 360-nm radia-
t ion consists of a cyclobutane cross-link between the 5,6 posi -
t ions of thymine in DNA and the 3,4 or 4' ,5' carbon double 
bonds of psoralens, with the planar psoralen molecule interca-
lated between the DNA bases [9]. Although many psoralens 
can form cross-links between opposite DNA strands, a class of 
derivatives, including angelicin, has a modified structure that 
permits the formation of on ly monoadducts [6] . 
The reaction between DNA and psoralens plus 360-nm ra-
diat ion is highly specific; little photoreaction occurs with other 
cellular macromolecules, thus making the psoralen-DNA ad-
duct convenient for studying excision repair. Several previous 
studies have investigated repair synthesis after psoralen dam-
age [10- 14] and the removal of DNA-DNA cross-links 
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[11,12,15], but little informat ion is available on the excision of 
the adducts from DNA. We therefore decided to measure the 
excision of monoadducts from DNA in various human cell 
strains using psoralens that form exclusively monoadducts. We 
have especially compared the excision of monoadducts with the 
excision of pyrimidine dimers in various complementation 
groups of xeroderma pigmentosum (XP) [16] because of the 
similarity between the cyclobutane linkages in these two le-
sions. 
MATERIALS AND METHODS 
Fibroblast cultures from norma l donors and XP patients were estab-
lished from skin biopsies or obta ined from t he Huma n Mutant Genetic 
Cell Bank (Camden, New J ersey). Cultures were grown in Eagle's 
modified essent ia l medium with 10% feta l calf serum and an t ibiotics. 
XP12RO (XP group A) and GM847 (a cell line with normal excision 
repair) were t ransformed wi t h SV40, but all others were primary 
cul tures. Cultures were labeled wi th low concent rations of ["C]thymi -
dine (0.01 I' Ci/ ml , 50 mCi/mmol) for 2- 4 days before experiments in 
which the binding of ange licin to DNA was determined. 
All experiments on excision repair were performed on high-density 
or confluent cultures for maximum yields of DNA. Consequent ly, the 
toxicity of psoralens on normal a nd XP cells was dete rmined by the 
method of Kantor et a! [17) for confluent cells. Cultures of approxi-
mate ly 5 x 10·• ce lls were established in small wells and irradiated with 
eit her short-wave UV radiat ion (254 nm , 1.3 J / m>) or long-wave UV 
radiation (360 nm, 30 min, 22.5 J / m2/ s according to a YSI radiometer) 
in the presence of various concent ra tions of angel icin or 5- methyliso-
psora len. Afte r 7 days growt h, cultures were rinsed to remove dead and 
detached cells and t he total RNA synthesis per culture was assayed by 
labeling for 2 h wi th ["H]hypoxanthine (5 11Ci/ ml 9. 1 Ci/ mmol), fol-
lowed by fixati on, extraction of RNA, and scin t illation counting ac-
cording to procedures described previously [1 8). Labeling of RNA was 
preferred because every live cell incorporated similar amounts of 3H , 
as judged by autoradiographs, whereas ["H) t hymidine labeling of DNA 
was unreliable at high cell densities. Also, a fter 7 days, tra nsient effects 
of damage on RNA synthesis were over [ 19] and the amoun t of 
synthesis per culture was a fun ction of the tota l cell number. This 
method has yet to be compared wi th colony formation assays for 
psoralen da mage, but it gives a similar ra nge of relative survivals for 
normal and XP cells when used wi t h 254 -nm UV radiation [20,21). 
Angelicin (donated by M. Ashwood-Smith) was radioactively labeled 
by random tri t ium exchange (Amersham Corp., Chicago, Illinois), 
purified by silica gel thin-laye r and column chromatography, and 
moni to red for purity with high-perfo rmance liquid chromatography 
using a CIS column and 50% methyl a lcohol in water as column eluant. 
[5-"H]Methylangelicin {0.4 Ci/mmol) was purchased from HRI Asso-
ciates Inc. (Emeryville, California). ["H]Angelicin (2.4 Ci/ mmol ) and 
15-"H]methylangelicin were di luted in phosphate-buffered sa line, and 
2 ml were added to monolayer cultures in 100-mm dishes containing 
approx imately 5 x 106 cells/dish. Cultures were then illuminated with 
360-nm radiation for various t imes. 
Dishes were then washed twice in phosphate-buffered saline (P BS), 
and cultures were eit her harvested immediate ly or rinsed wi th minima l 
essentia l medium and grown for up to 24 h before harvesting. Cells 
were scraped off the dishes in to either PBS (and frozen for late r 
isola tion of nucle i) or 2 ml of SSC (0.15 M sodium chloride, 0.015 M 
sodium cit rate) containing 0. 1% sodium dodecyl sulfate (SDS) a nd 
agita ted to obta in clear solu t ions. DNA was then isolated by sequentia l 
digestion in R Nase (1 l'g/ml , 2 h, 3TC ) and proteinase K (1 0 l'g/ ml , 2 
h, 37"C), followed by phenol and chloroform deproteinization and a 
fin al purifica tion on CsCI-Cs2S0 .1 a lkaline isopyknic gradients [22 ). 
Nuclei were isola ted by a method described previously [23] and then 
lysed by adding 100 mM EDTA and O.l % SDS (both final concent ra-
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tio ns) and analyzed on neutral CsCI gradients without further purifi -
cation [22] . Aliquots of nuclei were also dissolved in 0.1 N NaOH and 
precipitated with 0.1 N HCI , and the "H and "C radioactivity was 
determined in the washed precipitate after redissolving in 4% perchloric 
acid at go·c. The amount of ("H]angelicin bound to DNA was estimated 
from either the "H/ '''C or the ' H/A"IiO ratios in isolated nuclei or 
isopyknic gradients, and the amount bound after various periods of 
growth relative to that at zero time was calculated. 
RESULTS 
Normal cell s were resistant to cytotoxic effects of both UV 
radiation and psoralen adducts over the dose ranges used in 
these experiments (Table 1) . In contrast, XP cells were highly 
sensitive to UV radiation and 5-methylisopsoralen (Table I). 
Conditions for subsequent measurements of excision were used 
from the low-dose range that gives relatively high survival. For 
[5-"H]methylisopsoralen experiments a concentration of 5 J.LM 
was chosen that resulted in survival (Table I) of99% for normal 
cell s and 34% for XP group D, one of the more sensitive 
complementation groups [24]. These exposure conditions gave 
similar survival to approximately 2 J/m" of 254-nm UV radia-
tion (Table I). Angelicin appeared less toxic under these con-
ditions, producing less than 10% reduction in survival at 10 
J.LM , so for subsequent experiments with angelicin a higher 
concentration of 50 J.LM was used. 
Nuclei from XP12RO cells illuminated with 360-nm radia-
tion in the presence of [''H]methylangelicin contained "H label 
bound exclusively to the DNA, with no "H activity detectable 
at the top or bottom of neutral CsCI gradients, where protein 
and RNA band, respectively (Fig 1). Therefore, methylangeli-
cin, as well as other psoralens we investigated in preliminary 
experiments, binds exclusively to DNA. From the specific ac-
t ivity of the DNA in isopyknic gradients, we estimate that 
exposure to [5- 'H]methylisopsoralen (10 f.L Ci/ml) plus 30 min 
360-nm radiation produced approximately 8 adducts/2 x lOR 
daltons. For comparison, a dose of 2 J/m1 UV radiation (254 
nm) produces 8 pyrimidine dimers in 2 X lOR daltons 
[22,25- 28]. 
When normal and XP12RO cells were exposed to [5-"H]-
methylangelicin plus 360 nm and harvested after various pe-
riods of growth, normal cells showed a rapid loss of "H activity, 
whereas XP12RO cells showed a barely detectable loss (Fig 2). 
In expe riments in which [5-''H]methylangelicin was illuminated 
a lone and then mixed with normal or XP12RO cells for 30 min, 
we found that a small amount of the ''H remained associated 
with the nuclei and gave a 3H specific activity to the isolated 
nuclei that was 5.9% of t hat obtained when the cells were 
illuminated for the same time in the presence of [5-3H]meth-
ylangelicin. This correction was applied to the zero time values 
in Fig 2 but was not necessary for the 6-, 12-, and 24-h values 
TABLE I. Relative survival of confluent cultures of normal and 
xeroderma pigmentosum cell lines exposed to UV radiation (254 n.m) or 
psoralens plus U V (30 min, 360 nm) determined by the relative 
incorporation of /"H]hypoxant.hin.e into cultures 7 days after exposure 
Dose 
U V radiation 
1.3 J / m2 
2.6 J / m2 
5.2 J / m2 
10.4 J/m2 
20.8 J / m2 
Methylisopsoralen 
0.01!-LM 
0.10 1-LM 
1.0 ).lM 
5.0 ).lM 
10.0 ).lM 
Relati ve survival (% of unexposed cu ltures) 
Norma l 
(HS27) 
101.0 ± 1.3 
100.5 ± 2.6 
96.2 ± 4.1 
89.9 ± 1.0 
76.3 ± 8.5 
103.2 
97 .7 
96.5 
99.2 
100.1 
Xerode rma 
pigmentosum 
(XPlPO) 
52. 1 ± 1.2 
26.3 ± 1.1 
5.0 ± 0.2 
2.0 ± 0.4 
1.7 ± 0.2 
99.6 
83.2 
77.0 
34.3 
13.2 
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because unbound "H had diffused out of the cells into the 
medium by these times. To avoid t his complication in investi-
gating low levels of excision in XP cell lines, additional exper-
iments were performed on DNA purified through CHCL ex-
traction and a lkaline isopyknic gradients. 
When cu ltures were exposed to ["H]angelicin and 360-nm 
radiation and then grown in fresh medium, the "H activity in 
the DNA declined at different rates in different cell types (Fig 
3, Table II). In normal cells there was a rapid decline during 
the initial 3 to 8 h, reaching a constant level of < 20% of the 
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F1c 1. Neutral (pH 7.0) cesium ch loride isopyknic gradient profile 
of human fibrobl ast DNA from XP12RO cells exposed to 30 X 103 J / 
m" 360 nm UV radiation in the presence of [5-"H]methylisopso ralen 
(20 /LCi/ ml , 0.4 Ci/ mmol) followed by isolation of nuclei and lysis in 
EDTA (100 mM) and sodium dodecyl su lfate (0.1 %) and analysis 
without furth er purification. 
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HOURS AFTER EXPOSURE 
FlG 2. Relative specific activity of [5-"H]methylisopsoralen hound 
to DNA of normal (GM847) and XP12RO cells after exposure to [5-
"H]methylangelicin (2 1-'Ci/ml, 0.4 Cijmmol) plus 45 X 10" J/ m2 360 
nm UV radiation, followed by growth in fresh medium. Nuclei were 
;,sola ted at eac h time point, then lysed in 0.1 N NaOH and precipitated 
with 0.1 N HCI; the precipitate was dissolved in 4% perchloric acid 
and radioactivity was determined. Bars indicate SE. 
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starting value. In cont rast, XP12RO and XP5CA (group A) 
showed only small decl ines, XP2NE and XPlPO (group D) 
showed greate r declines, and GM1213 (group E) was close to 
the normal range (Fig 3, Table II). 
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F IG 3. Relative specific activ ity of [''H] ange lic in bound to DNA of 
normal or XP ce ll s exposed fo r 10- 20 min to 360 nm UV radiation (25 
J/m 2/s) in the p resence of f"H]angelicin (100 11Cij ml , 2.4 Ci/ mmol) 
a nd grown for up to 24 h in fres h medium . e norma l (ANA-l ) ce ll s; D 
XP12RO (group A ) ce ll s; 0 XP2NE (group D) cells; 0 G M1 213 (group 
E) cells. 
EXCISION OF PSORALEN ADDUCTS IN XP 313 
DISCUSSION 
["H]Angelicin and [5-"H]methylangelicin formed stable mon-
oadducts in cellu lar DNA after illumination wit h 360-nm ra-
diation (Fig 1). When cells were grown after illumination, the 
number of "H adducts in DNA declined at different rates in 
different cell types. The decline in ["H]angelicin bound to DNA 
presumably reflects an active excision process, because the 
bound molecules constitute damaged sites involving a stable 
cyclobutane linkage between angelicin and DNA pyrimidines 
(26], which were chemically stable at pH 13 in isopyknic 
gradients. In normal fibroblasts t he excision rate for angelicin 
adducts was faster than t hat observed for pyrimidine dimers 
formed by 254-nm UV radiat ion when thin-layer chromatog-
raphy was used [27,28], but comparable to the ra te observed 
with an t i-dimer antibodies [29] or UV endonuclease methods 
[16] . This difference in pyrimidine dimer excision kinet ics 
according to the methods used represents a unique complication 
in studies of UV repair t hat has yet to be explained. However, 
once cells have grown for about 24 h after irradiat ion , consistent 
estimates for excision of pyrimidine dimers are possible. 
It is instruct ive to compare the values obtained for t he 
relative amounts of excision of angelicin adducts and pyrimi-
dine dimers from different XP complementation groups at 
comparable levels of damage (Table II) , since the mutations in 
XP appear to cause reduced excision of both kinds of lesions. 
This comparison must use excision data for the two kinds of 
adducts, not unscheduled synthesis or other measures of repair 
because such values do not always correspond to relative exci-
sion rates [16,24]. These other measures of repair involve later 
stages of DNA repai r subject to different sources of variat ion 
[22]. Of t he t hree current methods fo r measuring pyrimidine 
dimer excision, only t hose using UV endonuclease [16] or ant i-
dimer antibodies [29] have produced sufficient data for our 
purposes. Thin-layer chromatography has poor resolution at 
low levels of exc ision and XP groups A, C, and D all seem 
uniformly repair deficient [27,28; J. D. Regan, personal com-
munication] . An an t i-dimer antibody assay seemed to give 
slight ly higher relative excision rates for XP groups A, D, and 
E than did t he UV endonuclease method (Table II) , but the 
values are close enough to permit useful comparisons with our 
psora len data. Normal cells excised similar proportions of 
["H]angelicin adducts and pyrimidine dimers (Table II) . Group 
A excised about 20% of t he adducts compared to 0-33% pyrim-
idine dimers acco rding to both assay methods. Normal and 
group E cells both excised 80% of the adducts, in comparison 
to 65- 86% and 40- 65% pyrimidine dimers, respectively. Group 
D cells, however, showed a significan t di ffe rence between ad-
duct and dimer excision. They excised only 15- 28% of pyrimi-
dine dimers, but both cell lines from this group excised over 
half of t heir angelicin adducts. Group D was t herefore nearly 2 
TABLE II. Percentage of ange/icin adducts or pyrimidine dim.ers excised from. DNA after exposure to angelicin plus 360 nm. radiation or U V 
radiation (254 nm) 
Cell type" 
Norma l 
XP group A 
XP group D 
XP groupE 
Angelicin 
adducts 
(%) 
84.7 ± 1.4 (ANAl) 
85.2 (1432) 
68.0 ± 6.0d (GM847) 
17.0 ± 19.0 (XP5CA) 
20.0 (XP12RO) 
8.0 ± B.Od (XP12RO) 
55.0 (XP2NE) 
56.5 ± 4.5 (XPlPO) 
78.5 (GM1213) 
65 
UV endo' 
(2.!l ,J/ m2 ) 
0 (XP1 2BE) 
0 (XP25RO) 
15 (XP3NE) 
40 (XP2RO) 
" Assignments made on t he basis of complementation assays reported previous ly ]18 ]. 
b Values obtained from Fig 1 in [1 6] a nd Fig 1 in [39]. 
c Values obtained from F ig 5 in ]40] . 
d Data for methyla ngelic in at 12 h after exposure (F ig 3). 
Pyrimidine dimers (%) 
86 
Antibody' 
( IO ,J/ m') 
33 (XP13BE) 
28 (XP6BE) 
65 (XP2RO) 
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to 4 t imes as efficient in excising an gelicin adducts compared 
to pyrimidine dimers, whereas group E was only slightly more 
efficient, a nd group A was deficien t in both . Because the cell 
lines from normal, group A, and group D cell types were 
mutually consistent within each complementation group, these 
result s may be representative of t he repair propert ies of each 
group, a nd import ant clues about the mechanism of repair can 
be deduced. 
The low excision capacity for angelicin adducts of group A 
cells and t he high capacity for GM1 213 (group E) as compared 
to normal cells is to be expected from their relative capacity 
for pyrimidine dimer repair and from t he observation that 
classification of XP cells into complementation groups by UV 
and chemical da mage is consistent [30] . Several aspects of 
repair of a ngelicin adducts and pyrimidine dimers are therefore 
s imilar . Repair of t hese two kinds of da mage is not identical, 
however, because of t he differences we observed in group D 
cells. T hese di fferences are reminiscent of a recent observation 
in Escherichia coli, in which repa ir of lesions from acetylami-
noflu orene and aminofluorene were found to resemble repair 
of dimers only pa rt ially, and to have different requirements for 
t he uvrC gene product [31] . 
G roup D cells have several unique features relevant to these 
observations. G roup A cells a re ext remely repair-deficient in 
assays of early and late stages of repair (excision a nd unsched-
uled synt hesis). Group D cells , however, have as much or more 
unscheduled synt hesis than group C cells [16,24) but less dimer 
excision [16) (Table II) . The reduced levels of dimer excision 
and unscheduled synt hesis observed in group A and D cells 
result in much less recovery of DN A synthesis [32] and more 
cell killing t ha n in group C cells [24,33). The repair of pyrimi-
dine dimers in group D is therefore not only low in amount, 
but appears to be altered in its regulation and precision . In 
addit ion , abnormalities in apurinic endonuclease have been 
reported fo r group D cells, alt hough t he relat ionship of this 
phenomenon to UV sensitivity is unclear [34]. 
T he repair system responsib le fo r excision of pyrimidine 
d imers is regulated by t he products of at least 9 XP comple-
mentation groups (35]. Our observation s suggest t hat group D 
cells may have a relative excess of XP gene products t hat ca n 
repair angelicin lesions better th an pyrimidine dimers . The 
gene p roduct specified by group D may t herefore be required 
fo r a specifi c role in recognition of, or b inding to, pyrimidine 
dimers that is not required for angelicin adducts. Alternatively, 
repair of psoralen adducts in huma n cells may involve bot h 
base and nucleotide repa ir systems. Nucleotide excision repair 
has a broad ra nge of specificity a nd can remove la rge adducts 
or les ions like pyrimidine dimers, psora len adducts, and ot her 
carcinogenic adducts [36,37) . H uma n cells also contain numer-
ous glycosylases t hat are more specific and remove alkylated 
pur ines a nd other sma ll lesions to purines and pyrimidines 
[38], a nd it is possible t hat t here may be glycosylase activity 
specific fo r pso ra len adducts. In normal cells, base and nucleo-
t ide excision repair pathways could p rovide mult iply redunda nt 
systems if t here were some overlap in t heir substrate specificity. 
To expla in t he cont rast between XP groups A a nd D (Table 
II), group A may have a broad defect affecting a wide spectrum 
of the repair system's specificity whereas group D cells may 
Jac k t he pyrimidine dimer-excising activity but retain a glyco-
sylase activi ty specific for psoralen adducts. The relat ively 
greater excis ion ability of group D cells fo r angelicin adducts 
over pyrimidine dimers will not necessarily be reflected in 
repair syn t hesis measurements because t hese a re in fluenced by 
ot her factors such as patch size, but an investigation of repair 
synthesis in various XP com plementation groups will be wort h-
while. 
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